6.
Incremental The oavery of a ballistic reentry vehicle (BRV) from its launch site to a target has three distinct segments. These regimes are illustrated in Figure I and include the boost, exoatmospheric and endoatmospheric phases. The boost phase, during which the BRV is accelerated to suborbital velocities by two or more booster stages, typically lasts only several minutes. At the end of boost, the BRV is reoriented and spin stabilized to provide an inertial attitude that is designed to produce a small angle of attack at reentry. In general, perturbations during the separation and spinup result in the body longitudinal axis, XB, describing a cone about the angular momentum vector, (H) which is imparted to the BRV by the spin system. The exoatmospheric portion of flight lasts for one-half hour or more for an ICBM trajectory, during which the precessional motion established at deployment is maintained unchanged. The endoatmospheric (reentry) phase is initiated when the atmosphere starts to alter this vacuum motion. This terminal phase lasts approximately a half minute.
From the standpoint of accuracy evaluation, those errors which accrue during boost and deployment, and which cause the entry state vector to deviate from that which was planned, can be divorced from those errors which develop during reentry. This report deals with the modeling and evaluation of those effects which cause the vehicle to depart from its planned flight path during the final, brief endoatmospheric flight phase.
In modeling the reentry trajectory disturbances of a BRV, it has generally been necessary to treat the dispersion mechanisms on an empirical basis rather than from first principles of aerothermodynamics. The reason for this is that uncertainties in the form and substance of the under-
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lying phenonmena are large. As a result, cstinateo have to-be made on-the -i basis of particular ground and flight tests scaled to the particular case under study. The motivation is strong to improve prediction capability by The objective of this report is to describe a framework for inclusion of the aerothermodynamic modeling of the lift-induced trajectory errors resulting from these body and flow asymmetries. The framework is contained within the Ballistic Dispersion Code (BDC), which is a hybrid (digital and analog) six-degree-of-freedom computer program. Implicit in the code, also, are those drag-induced errors experienced due to shape change variations and vehicle dynamic response effects.
The BDC is modularized to provide the flexibility to accommodate a varied assortment of models of the error contributors. It is structured to be used in a Monte Carlo mode whenever population statistics are of interest.
The code has incorporated into it a series of subroutines which internally yield the values of the prime dispersion contributors (drag changes, trim growth, meridian changes, roll tuorques, forces and mronents at transt on, etc.) given a set of critical parameters and/or mechanisms. A flow -7- The operation of the code as presented in Figure 2 is as follows.
Given a basic set of vehicle parameters such as bluntness, cone angle, size, etc. , basic unablated aerodynamics are determined. Using these data and the specific mass properties, the trajectory computations are initiated.
At frustum transition, the baseline aerodynamics are altered ill accordance with the transition aerodynamic perturbation model. The key parameters to this model are to be selected on a random sample basis. Throughout each , -8 .. Furthermore, the code has been structured for future inclusion of weather erosion effects.
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The hybrid computer operation of the code allows Monte Carlo studies to be conducted on an economical basis. However, because it models the thermodynamic and aerodynamic processes in some detail, the code hai proven most appropriate from a total run time standpoint, to limit Monte Carlo samples to 100 trajectories. This is considered sufficient to define the population distribution in detail up to the 90th percentile. For the definition of the accumulative miss distance profile at higher probability levels, less detailed empirical modeling approaches may be used.
In the discussion that follows, the important (or potentially significant) sources of lift-induced errors are described along with the current approach to the-ir modeling within the BDC. We start at the early reentry effects, where ablation has yet to be significant, and work down the trajectory in discussing the respective lift-producing situations modeled in the i BDC.
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LIFT-PRODUCING EVENTS
The sequence of lift-producing events that may be encountered as the vehicle descends through the atmosphere is given in Table 2 . Representative orders of magnitude of impact point displacement are shown.
The events are summarized as follows.
INITIAL PRECESSIONAL MOTION
At an altitude upwards of 200 kft, the established vehicle gyroscopic precessional motion is altered due to the gradually increasing aerodynamic pitch and yaw moments. The changing precessional motion can result in a brief interval during which the lift force is not averaged out. The effect on dispersion depends on the magnitude of the total angle of attack and the orientation of the precession cone at reentry.
FIRST ROLL RESONANCE
'Between 200 and f0C kft, the aerodynamic restoring moments increase to the level where the natural pitch oscillation frequency is equal (temporarily) to the roll rate. The result is a transient divergence in angle of attack as the pitching frequency passes through the roll rate. Due to the continuous nature of the precessional motion, small impact error results provided the mass and aerodynamic asymmetries are not large.
3 BOUNDARY LAYER TRANSITION
number causes the boundary layer to begin transition from laminar to turbulent. Due to angle of attack, ablative mass transfer and surface roughness variability about the body, the transitional boundary moves nonaxisymnetrically over the vehicle. Changes in the aerodynamic forces and moments accompanying the transitional process can result in the develop--,nt of neL a I velocity increments which produce significant impact point displaicements. Roll-trim (0 < P < PCR ) Mode:rate
ROLL-TRIM VARIABILITY WITH ROLL RATES BOUNDED BETWEEN ZERO AND RESONANCE
From approximately 50 kft to the impact surface, the continuing buildup in heating, aerodynamic shear and pressure cause ablation asym-I metries to develop on the nose and body changing the vehicle's equilibrium roll, pitch and yaw conditions as the asymmetries change. The roll acceleration is governed by the aerodynamic roll torques which develop in flight.
Varying roll rate and/or angle of attack will result in a contribution to I impact miss.
ROLL TRIM WITH ROLL RATE GOING THROUGH ZERO
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If the roll rate approaches or passes through zero, a vehicle with even a slight trim angle of attack may be significantly deflected from its ballistic path.
6 ROLL TRIM WITH ROLL RATE INCREASING TO OR THROUGH RESONANCE
If the roll rate increases to the point where it equals the natural pitch oscillation frequency, amplification of the trim angle of attack will occur, resulting in high lateral loads and induced drag. For certain i -i2 A spinning vehicle's precessional characteristics and angle of attack behavior during early reentry are highly dependent on the exoatmospheric coning motion and orientation. When the vehicle enters the atmosphere the aerodynamic moment acts to align it with the flight path.
The gyroscopic moment developed as a result of this overturning aerodynamic moment produces varied perturbations to the precession rate and may cause a reversal in the precession direction. Platus i has shown that if the vehicle is initially coning with the flight path inside the cone, the induced gyroscopic moments will cause the precession rate to increase positively (i. e., in the direction of the roll rate). If the initial coning motion does not circumscribe the flight path the gyroscopic action will cause the vehicle to precess negatively. Such alterations may result in net aerodynamic loading normal to the flight path and, consequently, a deflection of the trajectory.
Examples of the respective dynamics and impact point displacement computed within the BDC framework for the two types of initial coning conditions are shown in F'gure 3. Type I conir.g is defined as not circumscribing the flight path. Type II coning does. Both sets of calculations assume a coning half-angle of 8 degrees, but the Type I run is initiated at an angle of attack maximum of 20 degrees, whereas the Type H is started at 8 degrees. For the Type II run, the precessional direction remains positive and the motion is well distributed about the flight path, resulting in no significant impact displacement. On the contrary, the Type I run demonstrates that the precession reverses and the motion is not well distributed, resulting in a moderately large impact displacement. The importance of Examination of the precessional parameters shows that the motion is well behaved in terms of its being distributed about the flight path. The only effect on impact miss contribution is that due to the drag induced by the angle of attack divergence, and results in a small decrease in range. An enumeration of the runs and principal results is made in Table 3 . The details of the models used are given in Table 4 and Table 5 . The results show that the dynamic perturbations and impact displacements vary widely. A large contribution to impact miss was obta-ined when the transition front was allowed to be skewed to a greater extent with angle of attack using skewness model 4 (Table 4) Here the effect of the highly skewed front and meridian orientation produces 6 a situation like that described by Platus.
That is, the moment coefficient modification results in the establishment of a wind-fixed trim. This results in a condition for which the precession is nearly halted and a pronounced lateral deflection is produced. This extreme case illustrates the breadth of conditions accommodated in the framework.
Additional sensitivities were investigated by introducing deviations from the more moderate conditions defined by Case 5. The effect of varying body-fixed moment parameters showed that the miss contributors for these moderate front movement conditions varied inversely with body-fixed moment magnitude. (It is interesting to note that when a body-fixed moment was added to the extreme conditions defined by Case Z4, such as in Case ZZ, that the miss contribution was reduced since this body-fixed disturbance did not allow the precession to be stopped as was the situation for Case Z4. ) The effects of tilting the transition front out of the wind plane were also examined.
It was found that a fixed out-of-plane tilt could cause the angle of attack to be significantly increased. The resulting trajectory deflection wai found to be moderate, however, because the motion growth was relatively smooth and the forces were integrated out (Cases 4 and 9 for instance). The effect of an oscillating front out of the wind plane was found to have similarly moderate effects (Cases 10, ii and 12). The variation of initial conditions had only a moderate effect with the modeling considered. The disturbance and resulting dispersion were found to be reduced with initial angle of attack. Additional detailed characterization is required in order to effectively use the framework for predictions.
-31- A separate module is provided for computing roll torque resulting from shield ablation.
1 NOSETIP SHAPE CHANGE EFFECTS
The nosetip shaping routine accommodates both axisymmetrical and nonaxisymmetrical recession due to ablation. Two elements of the framework comprise the portion that models trim angle of attack: a nose shape model and a flowfield model. At present, the code uses a simple "in-plane" asymmetry formulation" that will be replaced with a more general model (such as that developed by Dirling and Swain 7 , as a future upgrade.
The flowfield 8 is three-dimensional, simplified from the GE-3D Flowfield Unpublished Study by D. Brant. It is important to-note that whole-body computations are made so that downstream influences resulting from nose shaping are included in the aerodynamic computations.
The trim angle resulting from the asymmetric nose shape of Figure W0 is presented in Figure ii . The trim is initiated as the first side becomes turbulent and continues to grow until about 20 kft altitude where a peak trin of 0. 34 degrees is attained. Subsequently, the trim begins to decrease somewhat as the nose tends toward more symmetry. At very low altitude, the trim again increases.
Since the current routine computes the asymmetry as if it were contained in a single plane, and since meridian changes can influence rolltrim performance, an auxiliary routine is overlaid which causes the prime trim plane to be shifted in accordance with randomly selected meridian histories. Thus the trim shown in Figure ii is allowed to move about the body. When-a more general (3D) nose shape model is incorporated this artiface may be superfluous and could be replaced by the natural meridian variations produced as the nose shape evolves. An example of a typical statistical result is shown on Figure f6 . The miss distribution, normalized with CEP, indicates the non-Gaussian error population which is, in general, expected. The deviation from a i Gaussian distribution may be particularly marked at the extreme cumulative probability levels because of occasional roll rate excursions near zero.
Before statistical applications of the phenomenological models can be predictively employed, it is necessary to model the definitive characi teristics of the stochastic behavior of the basic phenomena. This will require continued analytical and experimental effort. The development of the framework discussed here is intended to permit these efforts to be better focused.
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